ABSTRACT
INTRODUCTION
For a full understanding of galaxy formation, galaxies of all Hubble types must be studied. In this regard, the formation history of NGC 5128 (Centaurus A) is especially important because it is the closest early type galaxy to the Milky Way (MW), and therefore can be observed in the greatest detail. Although it is the closest, the distance to NGC 5128 (3.8 Mpc, Harris et al. (2010) ), makes it impossible to obtain spectra of its individual stars, let alone that required for detailed chemical abundance analysis.
With the development of our original technique for abundance analysis of integrated light (IL) spectra of globular clusters (GCs), we can now make significant advances in chemical evolution studies of distant massive galaxies.
Because they are luminous and therefore observationally accessible to large distances, unresolved GCs can provide chemical enrichment and formation histories of other galaxies, just as they were originally used to learn about the formation of the Milky Way (e.g. Eggen et al. 1962; Searle & Zinn 1978) . Our technique has been developed and demonstrated on resolved GCs in the Milky Way and Large Magellanic Cloud (LMC) in Bernstein & McWilliam (2005) , McWilliam & Bernstein (2008) (hereafter "MB08"),Cameron (2009), Colucci et al. (2011) (hereafter "C11"), Colucci et al. (2012) (hereafter "C12"), and . These publications demonstrate that the IL analysis provides Fe abundances and [X/Fe] ratios accurate to ∼0.1 dex, as well as distinguishes ages for GCs with [Fe/H] of −2 to +0 and ages in the range of 0.05 to 12 Gyr. We also note the application of an independent, but similar technique jcolucci@ucolick.org 1 This paper includes data gathered with the 6.5 meter Magellan Telescopes located at Las Campanas Observatory, Chile.
by Larsen et al. (2012) to GCs in the Fornax dwarf spheroidal galaxy.
Using this method, we have now begun a study of the chemical composition of the GC system of NGC 5128. Here we present Fe abundances, ages, and Ca abundances of 10 GCs in our initial sample. Our complete sample will include approximately 20 GCs, to provide better statistics for galaxy to galaxy comparisons. In future papers we will present detailed abundances of an additional ∼20 elements in our complete sample of 20 GCs.
In §2, we describe the target selection, observations and data reduction. Our abundance analysis is briefly described in §3 and our results in §4.
TARGETS, OBSERVATIONS AND REDUCTIONS
For the targets observed prior to 2010, we chose GCs from the catalog of Peng et al. (2004a) that were more luminous than V∼18.5 mag, that are in relatively uncrowded regions, that are not projected onto the high surface brightness part of the NGC 5128 bulge, and that have a range in projected galactocentric distance from NGC 5128. For the targets observed after 2010, we also aimed to observe GCs with as wide a range in estimated metallicity and age as possible, using the additional metallicity and age estimates that became available in Beasley et al. (2008) and Woodley et al. (2010) . While our sample is obviously not complete, our attempt to select GCs with a wide range in previously estimated [Fe/H] , age, and projected galactocentric distance from NGC 5128 (R gc ) increases our chances of surveying the range of properties present in NGC 5128 GCs. The magnitudes, spatial information and previously measured properties are listed for all of the GCs in Table 1 . We list both the names from Peng et al. (2004a) and those from the newer, homogenized catalog of Woodley et al. (2007) . We use the GC names of Woodley et al. (2007) for the remainder of this work.
We obtained our spectra using the MIKE spectrograph (Bernstein et al. 2003) on the 6.5m Magellan Clay telescope. The data were taken over six observing runs from [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] . All data were taken with a slit size of 1x5 arcsec, providing an instrumental resolution of 28,000 for the blue arm and 22,000 for the red arm. The wavelength coverage of the blue and red arms of MIKE are approximately 3350-5050Å and 4800-9000Å, respectively. Exposure times for this sample are between 5−17 hours for each GC and are listed in Table 1 along with the date each GC was observed. For all GCs, with the exception of GC0106, we only use exposures where the seeing was ≤1.0"; for GC0106 25% of the exposures were taken with seeing between 1.0"-1.3". Signal-to-noise (SNR) estimates at 6040Å are given in Table 1 . Data were reduced with the MIKE Redux pipeline.
2 A heliocentric velocity correction was applied and final radial velocities (v r ) were measured with the IRAF task rvidlines. One dimensional, line of sight velocity dispersions (v σ ) were measured using the IRAF task fxcor and red giant template stars that were observed with identical setups as the GCs. These measurements are discussed briefly in §4.
ABUNDANCE ANALYSIS
Fe I and Ca I lines and line parameters were taken from our previous spectroscopic analyses (MB08; C09; C12, and references therein). The abundances from the Fe I and Ca I lines that are included in our final analysis are listed in Table 2 . As in all of our previous spectroscopic analyses, we use the ODFNEW and AODFNEW model stellar atmospheres from Kurucz 3 (Castelli & Kurucz 2004) . All abundances are calculated under the assumption of local thermodynamic equilibrium (LTE), and abundance ratios relative to the sun were calculated with the solar abundance values of Asplund et al. (2009) .
Our IL abundance analysis methods are described in detail in MB08, C09, Cameron (2009), C11 and C12. Briefly, we create synthetic GC color magnitude diagrams (CMDs) using the Teramo isochrones (Pietrinferni et al. 2004 (Pietrinferni et al. , 2006 without convective overshooting, with extended asymptotic giant branch, α−enhanced low−temperature opacities calculated according to Ferguson et al. (2005) , and mass−loss parameter of η=0.2. More discussion about the testing and choice of appropriate isochrones can be found in MB08, C11 and .
To measure abundances, we perform a flux-weighted spectral synthesis for a ∼20Å region around each line using our routine ILABUNDS (see MB08; C12), which utilizes spectral synthesis routines from the 2010 version of MOOG (Sneden 1973) . We then find the abundance that produces the best matching synthetic spectra using a χ 2 -minimization scheme, as described in C12. Complete synthesis of a large region allows for more accurate continuum placement and a more accurate appraisal of line blending then direct measurement of equivalent widths (EWs) by gaussian fitting. To supplement our select line list of Fe I and Ca I, we use a combination of VALD and Kurucz line lists; for λ >6300Å these lists have been calibrated to both the Sun and Arcturus by Kirby et al. (2008) . The final synthesized spectra were convolved with the v σ measured for each GC. Table 3 , along with our measured radial velocities (v r ) and velocity dispersions (v σ ). All of the previous measurements of v σ and v r listed in Table 1 , which were obtained with lower resolution or lower SNR spectra, agree with our results to within 3 σ, with most agreeing to within 1 σ. We also note that differences in the observed velocity dispersions with respect to those of Taylor et al. (2010) could be attributed to aperture effects, the seeing during our observations, and their impact on the fraction of the light of the GC in the spectrograph slit; however quantification of these effects is not necessary for the abundance analysis, and therefore is beyond the scope of this work.
In Figure 1 , we show our [Fe/H] and Ca results as a function of age. The [Fe/H] for our current sample ranges from −1.6 to −0.25, which is well within the range exhibited by MW GCs (Harris 1996) . In the bottom panel of Figure 1 , we compare the metallicity estimates of Beasley et al. (2008) and Woodley et al. (2010) Nearly all of the GCs have ages that are consistent with an ancient population (>10 Gyr), to within the uncertainties. In one case, GC0265, we measure an age of 2-5 Gyr. This GC has one previous age estimate by Woodley et al. (2010) of 8.5 ± 0.1 Gyr. While the value of Woodley et al. (2010) is not consistent on an absolute age scale, it is consistent in the general sense that this GC has a younger age than a typical >10 Gyr ancient The corresponding Y-axis cluster designations 1-10 are GC0227, GC0106, GC0277, GC0365, GC0282, GC086, GC0265, GC0124, GC0041, and GC0040, respectively. The lower section of this panel shows the difference in metallicity between our results and those of Beasley et al. (2008) and Woodley et al. (2010) . population. It is well known that blue horizontal branch (HB) stars can mimic the presence of truly young stars in IL. Therefore, in our analysis, we have additionally verified that it is not possible to obtain a better, more selfconsistent solution for GC0265 with a synthetic CMD that is >10 Gyr, and has a very blue HB. This is important to test explicitly because the Teramo isochrones are parametrized such that they do not produce CMDs with blue HBs for [Fe/H]∼-0.7. Our technique for evaluating the influence of blue HB stars is described in Colucci et al. (2013, in prep) along with quantitative constraints of HB morphology in a large sample of unresolved GCs.
For the other 5 GCs that we have in common with Woodley et al. (2010) , those authors measure intermediate ages for 3 of the GCs, while we find old ages, as stated above. In at least two of these cases our analysis is consistent with these GCs hosting a significant number of blue HB stars, which would cause the young age measurements in the Woodley et al. (2010) analysis. An interesting test would be to compare the GALEX FUV measurements for these GCs to confirm our identification of blue HB content as opposed to truly young populations. Rey et al. (2009) used GALEX observations of NGC 5128 GCs to infer that there is indeed a significant intermediate age GC population in NGC 5128, but did not include the full catalog of individual GCs, so we unfortunately cannot cross check results for our sample of GCs at this time.
As seen in Figure 2 , nearly all of the GCs in our initial sample are enhanced in [Ca/Fe] ) and because Si and Ti are more difficult to measure. We will present Si and Ti abundances for a subset of the GCs in an upcoming paper. We emphasize that this is the first time that Figure 2 , with precise abundances that are directly comparable to MW abundances, can be made over a wide range of [Fe/H] for the oldest stellar populations in any early type galaxy. For comparison, we also show the GC IL abundance results for M31 GCs from Colucci et al. (2013) , which closely track the abundances in MW disk stars and thus show similar chemical enrichment histories in large spirals in the Local Group. Visual inspection of the top panel of Figure 2 shows that for the NGC 5128 GCs, the mean [Ca/Fe] in GCs with [Fe/H] < −0.4 appears higher than for the GCs in M31 at the same [Fe/H], and higher than MW GCs and disk stars. Because our initial sample is small, we do not perform a quantitative statistical test to compare the different galaxies in Figure 2 ; this test will be performed with our larger sample of 20 total GCs in an upcoming paper. For the purposes of this paper, we calculate a simple mean of the NGC 5128 sample (for [Fe/H]< −0.4), which gives [Ca/Fe]=+0.37 ± 0.07, where the uncertainty is the standard deviation of the mean. This is indeed higher than the average values for the MW and M31 GC samples in the same metallicity range, which are +0.29±0.09 and +0.24±0.10, respectively. This may imply that NGC 5128 experienced a more prolonged high star formation rate era, with faster chemical enrichment, than either M31 or the MW. (2013)). In the bottom panel the GCs in NGC 5128 and the MW are shown with MW bulge stars only. The bulge samples of Gonzalez et al. (2011), and Bensby et al. (2013) correspond to red and black circles, respectively.
(2013), which would imply similar formation histories for spheroids. We compare the GC abundances to the bulge samples in the bottom panel of Figure 2 , where it can be seen that there is more overlap with the GCs in [Ca/Fe] at high [Fe/H] for the bulge stars than for the disk stars in the top panel.
Our initial sample of GC abundance measurements in NGC 5128 support a scenario where most of the halo formed at very early times, with rapid chemical enrichment reaching to high overall [Fe/H] , such as that discussed in Rejkuba et al. (2011) . From deep HST/ACS photometry of halo stars, Rejkuba et al. (2011) find that the observed CMDs are most consistent with a population where 70-80% of the stars are ancient, reach supersolar [Fe/H] , and are α-enhanced, which is similar to our results for GCs. Rejkuba et al. (2011) also find that their data suggest that the younger population in the halo formed in a second burst of star formation 2-4 Gyr ago. This is interesting in the context of our GC measurements, because we find one GC with a younger age that is consistent with the age of the proposed burst. In addition, this GC has an enhanced [Ca/Fe] ratio, which is more consistent with a burst of star formation than with extended star formation. It's also worth noting that [O/H] measurements in the halo planetary nebulae of NGC 5128 also support a recent burst of star formation that formed stars reaching to high α-enhancement (Walsh et al. 2012 ).
Finally we note that higher [α/Fe] in NGC 5128 than in the MW is not the same conclusion reached by groups using low resolution spectra; Peng et al. (2004b) estimated that NGC 5128 GCs have similar [α/Fe] to the MW, and both Beasley et al. (2008) and Woodley et al. (2010) concluded that the mean [α/Fe] in NGC 5128 GCs is lower than the MW. This is not surprising given that [α/Fe] estimates from line indexes have large uncertainties and are plagued by systematics.
SUMMARY
We have measured ages and abundances for Fe and Ca for an initial sample of 10 GCs in NGC 5128 using an original technique for detailed abundance analysis of high resolution integrated light spectra. We find that the majority of GCs in the sample have old ages (>10 Gyr), with only one GC in the initial sample showing an intermediate age of 2-5 Gyr. The GCs have a range in [Fe/H] between −1.6 to −0.2. The average [Ca/Fe] for GCs with [Fe/H]< −0.4 is higher than for M31 GCs or MW GCs and disk stars, which may imply a more prolonged high epoch of high star formation rate in NGC 5128 than for either the MW or M31. Analysis of an additional ∼20 elements in our full sample of 20 GCs will be presented in an upcoming paper. This research was supported by NSF grant AST-0507350. MFD acknowledges support from a FulbrightConicyt scholarship. The authors thank the anonymous referee for thoughtful comments that improved this paper.
TABLE 1
Observations and GC properties from the Literature Note. -Column 1 names, coordinates, and V magnitudes are taken from Peng et al. (2004a) . Column 2 names, projected galactocentric radii from NGC 5128, and radial velocities (vr) are taken from Woodley et al. (2007) . Note that the vr from Woodley et al. (2007) are averages from a compilation of velocity measurements from spectra of different resolution and SNR. Rgc were calculated assuming a distance to NGC 5128 of 3.8 Mpc . 
